Abstract: When strengthening concrete members with fiber-reinforced plastic ͑FRP͒ materials the strengthening is, typically, undertaken to carry live load. This live load is assumed to remove itself from the strengthened member in the event of a fire. Thus, the fire performance of the FRP is not important. However, if the strengthening system was designed such that the FRP took some of the dead load, then the performance in fire would become important. In this series of tests, 24 reinforced concrete beams were cast. They were divided into eight sets of three. The sets were split into fire tested and control. In the control group were an unstrengthened control set, a set strengthened with bonded carbon FRP ͑CFRP͒ plates, and a set with bonded CFRP plates with bolted anchorages. In the fire-tested group were an unstrengthened control set, a set strengthened with bonded CFRP plates, a set with bonded CFRP plates with bolted anchorages, a set strengthened with bonded CFRP plates and a cementitous fire protection system, and a set with bonded CFRP plates with bolted anchorages and a cementitous fire protection system. The unloaded beams were then subjected to a cellulosic fire in a furnace. The adhesive on the unprotected beams was destroyed by the fire, as was the resin in the CFRP plate. On the strengthened beams with a cementitous fire protection system the adhesive was destroyed by the fire but the resin in the CFRP plate was undamaged. All the beams were tested in four-point bending to determine their load capacity and stiffness. Of the non-fire-tested beams the control beams were weakest and the strengthened beams were stronger and stiffer, there being no significant difference between the bolted and nonbolted beams. The fire-tested beams were load tested postfire exposure. Of the fire-tested beams the control beams had the same properties as the non-fire-tested control beams. The unbolted beams had the same strength regardless of fire protection. One of the bolted beams with fire protection was stronger than those without fire protection but not as strong as the nonfire-tested beams. It can be concluded that the strengthening system in the unprotected beams was destroyed in the fire test. Where fire protection was provided this protected the resin in the CFRP plate but not the adhesive bonding the plate to the beams. Bolts helped to keep the plate attached to the beam but did not provide as good a connection as the adhesive.
Introduction
The deterioration of concrete structures coupled with usage beyond anticipated design loads has led to a considerable increase in repair and strengthening works worldwide. Over £500 million per annum is spent on concrete repairs in the United Kingdom ͑Mays 1992͒ while nearly 40% of bridges in the United States are structurally deficient or obsolete ͑Dunker and Rabbat 1993͒.
Existing concrete structures may require strengthening or stiffening in order to increase their ultimate flexural or shear capacity, or to control deflections and cracking. One method for providing this enhanced capacity is to adhesively bond steel plates to the concrete surface, a method that has been used worldwide for over 30 years. Although external steel plate bonding can provide a satisfactory solution in some cases, it does have several disadvantages: manipulating heavy plates on site, potential steel corrosion, and the need for on-going maintenance. Fiber-reinforced plastic ͑FRP͒ pultruded plates, typically 1 mm thick offer several advantages over steel, including resistance to corrosion, low weight, and excellent mechanical strength.
Suitable fibers are made from carbon, glass, or aramids. Strengthening with FRP composite materials is a simple and quick process.
Current design guidance ͑The Concrete Society 2004͒ assumes that the FRP strengthening carries live load only, which will not be present in the event of a fire. It also states that it is sensible to neglect the strengthening from FRP in fire situations. The glass transition temperature ͑the approximate temperature at which an adhesive changes from a relatively stiff material to a viscous material and, hence, loses strength͒ of the adhesive used to bond the FRP plates is likely to be in the order of 50 to 60°C. In a typical office fire this temperature would soon be reached. The FRP plate itself is susceptible to degradation through fire, the polymer matrix will act as a fuel and promote fire growth. There are polymers that have good performance in fire ͑or contain fire retarding additives͒ but these tend to have reduced mechanical performance ͑Moy 2001͒.
It will usually be the adhesive that governs the fire perfor- mance of a FRP strengthened concrete member due to its lower T g value, in the order of 50-60°C ͑The Concrete Society 2004͒ compared to a typical value of 130°C ͑Clarke 1996͒ for the resin constituent of the FRP plate. Any protection would thus seek initially to protect the adhesive from the heat of the fire. Fire protection options include the following.
Intumescent Coatings
Gases are evolved in the coating at a specific activation temperature and produce a protective charred foam on the surface. Water based intumescent coatings typically give a fire resistance of 30-90 min, while epoxy based coatings can provide fire resistance of 120 min. In order to provide effective protection, the activation temperature of the coating must be less than the glass transition temperature of the adhesive or FRP plate. Intumescent paints available for steel structures have activation temperatures of 100-150°C and are thus unlikely to be suitable.
Cladding
Calcium silicate, mineral wool, glass reinforced gypsum, and vermiculite boards can be used to provide fire protection. Further protection can be gained if the void between cladding and FRP is filled with mineral wool insulation and fire protection layer. However, this would add extra thickness to the member.
Cementitous Coatings
Cementitous coatings can be subdivided into wet ͑cement/ gypsum-based͒ or dry ͑mineral wool-based͒ systems. Wet mixed systems are premixed with water on site to form a slurry and then spray applied. Dry mix systems are also spray applied but water is only added at the spray nozzle just prior to application. These coatings may also be trowel applied.
As well as different types of fire protection there are different types of fire. They are classified as either cellulosic or hydrocarbon. Cellulosic fires are those fueled by cellulosic products ͑tim-ber, fabric, paper, etc.͒ and are typically encountered in buildings such as offices, schools, hospitals, and shops. Hydrocarbon fires are those fueled by hydrocarbons ͑gas, petroleum͒ and are typically encountered in highway structures. A subsection of the hydrocarbon fire is a fire in a tunnel. Here, the scenario is a fuel tanker burning in a tunnel and the maximum temperature is higher than a standard hydrocarbon fire. Cellulosic and hydrocarbon time/temperature curves ͑BSI 1987͒ are shown in Fig. 1 . These are gas temperature histories for the given test.
Most FRP pultruded plates that are used for the strengthening of concrete members are unidirectional, in that the fibers run in the longitudinal direction only. The carbon FRP plate material used in this investigation is multidirectional. One advantage of a multidirectional FRP plate is that as well as being bonded it can be anchored using bolts. This has the advantage in a fire scenario that if the adhesive bond is destroyed then there is still a mechanical connection from the FRP plate to the underlying concrete.
This program of research sought to investigate the behavior of CFRP plated concrete beams in a cellulosic fire. The effectiveness of a cementitous fire protection system in protecting the CFRP plating was also investigated as was the concept of bolting the CFRP plate to provide a "back-up" connection if the adhesive bond was destroyed.
Previous Work
Very little work has been conducted on the behavior of FRP strengthened beams in fire. At EMPA ͑Deuring 1994͒, in order to assess postfire strength, six concrete beams were tested in a fire test, one control, one strengthened with a steel plate, and four strengthened with FRP plates. For these FRP strengthened beams two were protected with insulating plates. Interaction between the FRP plates and the concrete was lost very quickly for the unprotected beams but only lost after about 1 h for the protected beams.
Blontrock et al. ͑2001͒ conducted fire tests on concrete slabs strengthened with FRP sheets. All of the strengthened slabs were protected with fire resistant plates ͑Gyproc͒ in different layout configurations. The slabs were held under constant load in the furnace and the central deflection was seen to increase as the temperature increased. Where a sudden increase in deflection occurs it is assumed that the interaction between the FRP sheet and the concrete is lost. This occurred at time periods ranging from 24 to 55 min, when the temperature of the adhesive reached a value between 47 and 69°C.
Tann ͑2004͒ looked at the effect of elevated temperatures ͑180°C͒ on the strength of glass and aramid FRP plates. It was found that the aramid plates had a 17% drop in strength after 30 h exposure to 180°C, while the glass FRP plates had an 11% drop in strength.
In the same study FRP strengthened reinforced concrete beams were load tested under fire conditions ͑around 500°C for 20 min͒. The results for these tests are somewhat unclear as some of the beams failed by concrete crushing in compression ͑i.e., they were over reinforced͒, rather than by the plate failing. However, it was concluded that the load carrying capacity of the FRP strengthened beams was essentially unaffected by fire conditions for 20 min.
Research is currently being undertaken by National Research Council Canada and is due to be completed by and cover fire tests on reinforced concrete columns, slabs, and beam-slab assemblies.
Three loaded full-scale reinforced concrete columns were tested. Each column was wrapped with FRP wrap ͑fiber type unspecified͒ and then insulated ͑insulation type unspecified͒ before being loaded to a load representative of service load conditions on the strengthened columns. The fire temperature was in accordance with ASTM E119 ͑ASTM 2001͒ and the columns all achieved fire endurances in excess of 4 h under load.
Four unloaded intermediate-scale slabs were tested. It was reported that data indicated various spray-applied cementitous insulation materials can provide fire protection for externally bonded FRP materials. All of the insulation materials used, achieved 4 h fire endurance ratings according to the thermal requirements of ASTM E119 ͑ASTM 2001͒.
Two beam-slab assemblies were tested. Again, each sample was strengthened with FRP and then insulated. The samples were loaded to 0.63 of design ultimate load and subjected to a fire test with temperatures in accordance with ASTM E119 ͑ASTM 2001͒. The members showed no signs of failure after 4.5 h of fire exposure. Interestingly, the temperature at the level of the FRP exceeded the T g relatively early in the fire tests.
Experimental Test Program
Twenty-four reinforced concrete beams were cast, each beam being 1,300 mm long, 150 mm deep, and 100 mm wide. The size of the beam was chosen, as previous work ͑Symons 2002͒ had shown it to represent the effect of carbon ͑CFRP͒ strengthening of reinforced concrete beams, a full width ͑100 mm͒, full scale CFRP plate could be used and the beams would fit into the roof of the furnace. The average 28 day cube strength was 37 N / mm 2 . A diagram of the reinforcing steel is shown in Fig. 2 . Following 28 days curing under damp Hessian, the soffits of the beams were grit blasted in order to prepare them for the adhesive bonding. The beams were then vacuumed to remove any grit. The CFRP plate was 1 mm thick, 100 mm wide, and was cut to 1,230 mm lengths. Immediately prior to bonding the protective peel ply layer was removed from the plate. The CFRP plate was bonded to the prepared concrete surface using a two component epoxy resin adhesive.
Properties for the adhesive quoted by the manufacturer include: tensile strength 23 N / mm 2 , compressive strength 75 N/ mm 2 , flexural strength 45 N / mm 2 , elastic modulus 4,500-5,000 N / mm 2 , and glass transition temperature 81°C. Properties for the CFRP plate quoted by the manufacturer include: tensile strength 2850 N / mm 2 , elastic modulus 175,000 N / mm 2 , and maximum elongation 1.65%.
Following curing of the adhesive ͑for a period of 48 h͒ some of the beams had bolts inserted. These were positioned 25 mm from the end of the CFRP plate and 20 mm from the side edge of the CFRP plate. This ensured that they missed the steel reinforcing bar. A 25 mm long rawl plug was inserted into the drilled hole and a 5 mm diameter bolt screwed into each threaded plug. Washers were used in conjunction with the bolts to spread the load over a greater area.
Some of the plated beams had a cementitous fire protection system applied. The fire protection system used was a lightweight spray or trowel applied, single package premix coating based on vermiculite and gypsum. It was applied in one layer 15-20 mm thick with expanded steel lath reinforcing mesh. For the bonded plates ͑BPF͒ the mesh was held in place with wire, for the bonded and bolted plates ͑BBPF͒ the mesh was held in place with small bolts.
The beams that were to be fire tested were placed in a furnace such that the beam soffits formed the roof of the furnace. The beams were not loaded during the fire test. During a real fire the beams would be loaded but in most situations there will be no load transferred to the FRP plates. A time period of 1 h was chosen for the fire test as previous research ͑Blontrock et al. 2001͒ had shown failure of FRP strengthened slabs to occur between 24 and 55 min of a fire test.
Results
The observations made during the fire test are listed in Table 1 , while the posttest observations are listed in Table 2 ͑see Table 3 for explanation of beam types͒. From the observations it can be seen that the adhesive bond between the CFRP plate and the concrete on the unprotected CFRP plated beams ͑BF and BBF͒ was destroyed by the fire. The deterioration of the CFRP plate on these beams ͑BF and BBF͒ would appear to be due to the loss of the resin component of the CFRP, the actual fibers appear to be undamaged. The bond between the fire protection and the CFRP was susceptible to the fire. Fixing the mesh with small bolts ͑BBPF beams͒ would appear to be a more efficient method of fixing the fire protection system. Fig. 3 shows the temperature measured at various locations on the specimen. The average furnace gas temperature shows that the The beams with unprotected CFRP are now burning with free flaming over the surface. 40
There is no loss of fire proofing. The CFRP appears to be falling away from two of the CFRP plated, unprotected beams ͑BF͒.
45
Two of the CFRP plated, unprotected beams ͑BF͒ and one of the CFRP plated, bolted unprotected beams ͑BBF͒ are deteriorating very badly now. The CFRP looks like a spider's web as it falls away from them. 50
The CFRP continues to fall away like a spider's web. The whole of the CFRP plate has fallen away on some beams. 60
Test stopped. 
BPF
The fire protection is hanging on the mesh. Some debonding has occurred at the interface with the CFRP. BBPF Fire protection is intact, slight cracking to surface, no debonding is evident in two of the beams, but 30% debonding is evident in the third beam.
time-temperature relationship closely follows that of a cellulosic fire ͑BSI 1987͒ for most of the test. The temperature at the concrete-CFRP interface on the unprotected beam reached a maximum of 580°C, well above the glass transition temperature for the adhesive and the resin component of the CFRP plate. A visual examination of the unprotected beams showed that the adhesive and the resin component of the CFRP plate had been destroyed although the carbon fibers were still intact. Fig. 4 shows half of a fire-tested unprotected CFRP plated beam. Note the discoloration of concrete along the bottom section of the beam. From the bottom of the beam to the first dashed line the concrete is a whitish gray and between the two dashed lines the concrete is a reddish pink. Concrete color is affected by temperature, generally changing with increasing temperature from normal through pink to red, then whitish gray and finally buff ͑The Concrete Society 1990͒.
At the interface between the fire protection and the CFRP plate the maximum temperature reached was 310°C, a large reduction from the maximum surface temperature of 950°C, and not hot enough to cause any visible damage to the plate.
The temperature at the concrete-CFRP interface on the protected beam reached a maximum of 140°C, well above the glass transition temperature of 81°C although not sufficiently high to destroy the adhesive, as determined by visual inspection. Fig. 5 shows half of a fire tested, protected CFRP plated beam. Most of the fire protection has dropped off, although the plate remains bonded to the beam along this half of the beams length. There is no discoloration of the concrete. Table 3 shows the average failure load and standard deviation of the beams tested in four-point bending, for each combination three beams were tested ͑a total of 24 beams͒. The individual beam failure loads are also shown. The control beams ͑C͒ reached an average value of 28 kN, a standard deviation of 0.7 demonstrating little variation in failure load. This was increased to an average failure load of 43 kN by the addition of the bonded CFRP plates ͑B͒, although this did increase the variability ͑standard de- Fig. 3 . Cellulosic time/temperature curve ͑adapted from BSI 1987͒ compared with temperature measurements at various locations on the specimens viation of 4.7͒. For all three beams the mode of failure was the same, with the CFRP plates "unzipping" from the end of the beam, the plane of failure being within the concrete cover. Bolting of the plates ͑BB͒ had no significant effect on the average strength ͑40 kN͒ of the beams with bonded plates, as the adhesive alone provided sufficient anchorage. Again, a large variation in failure load was observed ͑standard deviation of 6.8͒. The mode of failure was the same for all three beams, the plane of failure being within the concrete cover but the bolts preventing the CFRP from unzipping. There was no significant difference in stiffness, deflections at a load of 30 kN ranging from 4.16 to 4.73 mm, suggesting that the variability in strength is related to the failure mechanism rather than any defects in the beams.
The control beams that had been fire tested ͑CF͒ reached an average value of 28 kN ͑standard deviation 0.9͒, demonstrating that the fire test had no significant effect on the strength of the concrete or the steel reinforcement. The unprotected CFRP plated beams that were fire tested ͓both bolted and unbolted ͑BF and BBF͔͒ had effectively the same average strength as the control beams ͑29 kN, standard deviations 0.1 and 0.8͒, demonstrating that with the adhesive and resin component of the CFRP destroyed the beams had no extra strength. The fire protected unbolted CFRP plated beams ͑BPF͒ that were fire tested again had effectively the same average strength as the control beams ͑29 kN, standard deviation 0.7͒, showing that although the adhesive and CFRP appeared to be intact, the bond was destroyed and no strength benefit was obtained.
Two of the fire protected bolted CFRP plated beams ͑BBPF͒ that were fire tested had a strength similar to that of the control beams ͑30.8 and 30.6 kN͒. One of the beams, however, had a higher strength of 38.8 kN. It may have been that in this one beam the adhesive bond was not destroyed by fire, or that although the adhesive bond was destroyed, the mechanical connection provided by the bolts gave sufficient transfer of stress to give extra strength to this one beam. Fig. 6 shows the load deflection curves for the CFRP plated beams, each curve being an average of the three beams. It can be seen that the CFRP plated beams that have not been subjected to the fire test are stiffer than the two types that have been subjected to the fire test. Typically, at a load of 20 kN the average midspan deflection for the CFRP plated beams that were not fire tested ͑B͒ was 2.37 mm ͑standard deviation 0.3͒. This is 33% less than the midspan deflection for the fire tested beams BF and BPF, both types with an average value of 3.55 mm ͑standard deviation BFϭ0.1, BPFϭ0.6͒. The fire protection made little difference to the effectiveness of the CFRP plate in stiffening the beam once it had been subjected to the fire test. Fig. 7 shows the load deflection curves for the bonded and bolted CFRP plated beams, again each curve being an average of three beams. As with Fig. 6 it can be seen that the CFRP plated beams that have not been subjected to the fire test are stiffer than the two types that have been subjected to the fire test. Typically, at a load of 20 kN the average midspan deflection for the non-fire-tested beams ͑BB͒ was 2.50 mm ͑standard deviation 0.3͒. This is 32% less than the average midspan deflection for the unprotected fire-tested beams ͑BBF͒ with an average value of 3.7 mm ͑standard deviation 0.2͒ and 24% less than the protected beams ͑BBPF͒ with an average value of 3.29 mm ͑standard deviation 0.3͒. When comparing the protected and unprotected beams ͑BBF and BBPF͒, the fire protection would appear to have protected the plate, and the bolts have given sufficient mechanical connection to provide a slight increase in stiffness ͓11% reduction in average midspan deflection at a load of 20 kN from 3.7 mm ͑BBF͒ to 3.29 mm ͑BBPF͔͒. It is interesting to note that all of the bolted beams ͑BBPF͒ displayed a similar increase in stiffness and not just the beam that had a higher failure load. The combination of fire protection and bolts has not maintained the stiffness of the beams at nonfire exposure levels and the increase in stiffness is not of practical significance. However, the slight increase in stiffness gained suggests that this system has potential for further development.
Increased exposure to fire ͑for example, a 2 h fire test͒ may cause more damage to the steel and concrete components of the reinforced concrete beams, affecting their load capacity. Damage may also occur to the fire protected CFRP plate which would not affect the unbolted beams, as the adhesive bond was lost within an hour anyway, but may reduce the strength of the bolted CFRP plated beams.
Conclusions
The following conclusions can be drawn from the above research:
• The bonding ͑or bonding and bolting͒ of CFRP plates to the soffit of reinforced concrete beams leads to a significant increase in stiffness and strength.
• Beams with CFRP plates bonded to them performed no better than the control beams once they had undergone exposure to a cellulosic fire test. The level of fire protection used was not sufficient to affect this.
• Beams where the CFRP plate had been bonded and bolted and protected with fire protection were stiffer than those beams without fire protection and one beam had a higher failure load.
• The adhesive used to bond the CFRP plates loses its strength when exposed to a cellulosic fire test, even when protected with fire protection ͑a temperature of 140°C͒.
• The bolts provided were not sufficient to effectively transfer the stress from the beam to the CFRP plate once the adhesive had been destroyed. • The resin component of the CFRP plate withstood temperatures up to 310°C but was destroyed in the cellulosic fire test when unprotected. The carbon component of the CFRP plate appeared undamaged at temperatures of up to 950°C.
Recommendation
In the light of the above research the following recommendation is made. For safety purposes, a CFRP strengthened reinforced concrete member needs to retain sufficient strength in a fire to resist the expected loads during the fire. It may be that the CFRP strengthening is only expected to carry live load, which is not present during a fire. However, if the CFRP strengthening system is expected to carry load during a fire, sufficient fire protection needs to be given such that the adhesive does not lose its strength. With the lack of further information it is recommended that the adhesive is protected such that it does not reach its glass transition temperature. A thicker layer of insulation than used in these tests would be required.
